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Abstract To understand the viscoelasticity of wood three 
dimensionally, a longitudinal tensile creep test for 12 species 
was conducted to examine the changes with time in the 
lateral strain and the viscoelastic, i.e., apparent Poisson’s 
ratio. The changes in the lateral strain (p x and £ R ) were 
similar to those in the longitudinal strain (p L ). That is, during 
creep, the absolute value of lateral strain continued to 
increase with the gradual reduction in the increase rate; 
immediately after the removal of the load, it recovered 
abruptly; then, it recovered slowly and finally reached a 
certain value. The rate of increase in the longitudinal strain 
during creep was smaller than that in the absolute value of 
lateral strains. The apparent Poisson’s ratio became large 
during creep because the lateral strain increased more than 
the longitudinal strain. The analysis of lateral strain by 
decomposition into three components, that is, instantaneous 
strain, delayed elastic strain, and permanent strain, has 
revealed that the lateral permanent strain in the transverse 
direction contributes most to the increase in the apparent 
Poisson’s ratio during creep. 

Key words Creep • Poisson’s ratio • Viscoelasticity • Lateral 
strain • Permanent strain 


Introduction 

Because wood is frequently used as the structural compo¬ 
nent of buildings, furniture, etc., the study of its viscoelastic 
properties, such as creep and stress relaxation, is important. 
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The longitudinal strain that occurs during creep is a param¬ 
eter crucial for structural maintenance, and therefore many 
papers have discussed this subject. ’ However, the lateral 
strain behavior resulting from Poisson’s effect has hardly 
been discussed, despite its importance for the three- 
dimensional understanding of wood’s viscoelasticity and for 
its long-term dimensional stability. 

Poisson’s ratio is an indicator of Poisson’s effect. 3 5 Wood 
has three orthotropic axes: longitudinal (L), radial (R), and 
tangential (T). In such an anisotropic system, six Poisson’s 
ratios are required to describe the three-dimensional elas¬ 
ticity. The ratio of passive to active strain is defined as 
Poisson’s ratio, v ;/ : 


where i refers to the direction of longitudinal strain and j to 
lateral strain. Concerning orthotropism, Poisson’s ratios of 
wood have been measured. 6 9 According to Jeong et al., 10 
Poisson’s ratio of loblolly pine was significantly different for 
different growth rings and intra-ring layers (earlywood and 
latewood). Yadama et al. 11 indicated that Poisson’s ratio of 
aspen became relatively small with increasing fiber angle. 
Peura et al. 12,13 determined the Poisson’s ratio for crystalline 
cellulose in Norway spruce by tensile testing with in situ 
X-ray diffraction. 

It is known that Poisson’s ratio in wood has a weaker 
correlation with the wood’s strength properties (compres¬ 
sive strength, tensile strength, and shearing strength) than 
other elastic constants such as Young’s modulus and the 
shear modulus. 14 Also, it appears that no common explana¬ 
tion has been given regarding the density dependence 15 
because of the excessive scattering of the data obtained. In 
addition, Poisson’s ratio in wood exhibits a peculiar depen- 
dence on moisture content, that is, v LX , v XL , v RX , and v XR 
increase linearly with the increase in moisture content, 
whereas v LR and v RL decrease with the increase in moisture 
content. This peculiarity of Poisson’s ratio in wood suggests 
that the mechanism of Poisson’s effect in wood is greatly 
dominated by the microscopic/macroscopic tissue structure 
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of wood. Morooka et al. 17 and Ohgama 18 have shown that 
the porous structure of wood affects mainly the Poisson’s 
ratios (v RT , v TR ), according to the results of numerical analy¬ 
sis using a model. 

Some reports concerning Poisson’s ratio are available to 
resolve the two- or three-dimensional viscoelasticity of 
wood. Hilton et al. 19,20 investigated anisotropic and isotropic 
Poisson’s ratio time effects analytically and evaluated 
numerically. They proved that “real” viscoelastic material 
has a time-dependency entirely of viscoelastic Poisson’s 
ratios and demonstrated the close relationship between vis¬ 
coelastic moduli and Poisson’s ratios. Taniguchi et al. 21 mea¬ 
sured the changes with time in the viscoelastic, i.e., apparent 
Poisson’s ratio of Japanese cypress, to determine the three- 
dimensional viscoelastic compliance tensor. 

In this study, we examined the lateral strain behavior of 
12 species by conducting longitudinal tensile creep tests 
with the aim of understanding the viscoelasticity of wood 
three dimensionally. In our study, we defined the absolute 
value of the lateral strain divided by the longitudinal strain, 
measured during creep and creep-recovery, as the apparent 
Poisson’s ratio, to use it as an indicator for evaluating the 
Poisson’s effect quantitatively. 


Materials and methods 

Materials 

Regarding the species, Japanese beech ( Fagus crenata ), 
Japanese ash ( Fraxinus mandshurica ), Japanese zelkova 


(Zelkova serrata), Japanese chestnut ( Castanea crenata ), 
teak ( Tectona grandis ), and balsa (Ochroma lagopus) were 
used as the hardwoods, and Japanese cedar ( Cryptomeria 
japonica ), Japanese cypress (Chamaecypans obtusa), ezo 
spruce ( Picea jezoensis ), genus Agathis (Agathis sp.), 
Douglas-fir (Pseudotsuga menziesii ), and western red cedar 
(Thuja plicata) were used as the coniferous woods. Table 1 
shows the density and moisture content of 12 species. 

Figure 1 shows an overview of a tensile test specimen. 
The specimen measured 300 mm along the fiber, 17.5 mm 
radially, and 17.5 mm tangentially. A tapered shape with a 
central cross section of 12 mm x 12 mm and a parallel 
portion of about 30 mm along the fiber was formed on the 
LT and LR planes. To the grip sections on both ends of 
the specimen, tabs made of a hardwood were adhered for 
reinforcement. Specimens were conditioned to equilibrate 
a moisture content at a constant 25°C and 55% relative 
humidity over a period of 3 months. 

Tensile creep test 

For the tensile test, a servo-controlled fatigue-testing 
machine (Shimadzu Servopulser EHF-ED10/TD1-20L) was 
used. The biaxial strain gauges (gauge length, 2 mm; Tokyo 
Sokki Kenkyujo, FCA-2-11) were pasted to the respective 
center parts on the opposite LT and LR planes (four planes) 
of the specimen to measure the longitudinal strain (£ L ) and 
lateral strains (£ x , £ R ) serially. 

Beforehand, a static tensile test was conducted with a 
loading speed of 98 N/s to measure the tensile strength. All 


Table 1 . Mean values of density, moisture content, and applied stress in 12 species for the creep test 


Species 

Density (kg/m 1 ) 

Moisture content (%) 

Applied stress (MPa) 

n 

Japanese cypress 

411 

9.6 

67 

2 

Japanese cedar 

367 

9.8 

55 

2 

Ezo spruce 

338 

10.0 

56 

2 

Genus Agathis 

472 

9.8 

76 

3 

Douglas-fir 

457 

9.3 

63 

3 

Western redcedar 

457 

10.2 

56 

4 

Japanese beech 

572 

9.9 

69 

3 

Japanese ash 

557 

9.5 

61 

2 

Japanese zelkova 

630 

10.4 

60 

2 

Japanese chestnut 

584 

9.6 

63 

2 

Teak 

684 

9.8 

82 

3 

Balsa 

110 

9.0 

9.5 

1 


Applied stress is equal to 50% of tensile strength 
n, Number of specimens 


Fig. 1 . Tensile test specimen. 
Biaxial strain gauges were 
pasted on the four planes. Unit, 
mm 
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the specimens for static and creep tests were prepared from 
the same lumber for each species. More than five specimens 
were used for the static test for each species. A specimen 
that did not fracture in its central portion was not used. 

A 24-h longitudinal tensile creep test was conducted with 
a load equivalent to 50% of the tensile strength. Applied 
stress is shown in Table 1. The load was removed immedi¬ 
ately thereafter and maintained at 0 N until all strains 
became constant. Temperature (25°C) and humidity (55% 
RH) were kept constant during the test. 

Decomposition of strain 

When a viscoelastic material such as wood is put under a 
time-dependent load condition, the resulting strain can be 
separated into the following three components: instanta¬ 
neous strain (£ e ), delayed elastic strain (£ d ), and permanent 
strain (£ p ). Upon applying load, £ e is generated at once, and 
upon removing the load, it returns to null at once. £ d has 
time dependence. Upon applying a load, £ d gradually 
increases with the elapse of time, and finally stabilizes at a 
certain value. Upon removal of the load, it gradually returns 


to null. £? increases corresponding to the time of loading, 
but it never recovers after the removal of load. In this study, 
we attempted to separate the strain brought about by creep 
into instantaneous strain, delayed elastic strain, and perma¬ 
nent strain. The procedure for this compartmentalization is 
listed in Fig. 2: 

1. The recovery strain just after the removal of load 
(when dt/de = 0) is defined as instantaneous strain 
(£ e ; Fig. 2b). 

2. The value of the strain just before the removal of 
load after deducting £ e and the entire strain at the 
recovery from creep is defined as delayed elastic strain 
(£ d ; Fig. 2b). 

3. It is assumed that the increased speed at creep in £ d and 
the decreased speed at the recovery from creep in £ d is 
the same. The time of the beginning of deformation in 
£ e + £ d (shaded area in Fig. 2b) is shifted from 24 to 0 h 
(Fig. 2c). The value of the entire strain at creep after 
deducting £ e + £ d is defined as the permanent strain 
(£ p ; Fig. 2c). 

An example of the longitudinal strain as separated 
out following this procedure is shown in Fig. 2d. The 


Fig. 2. Procedure of 
the decomposition of 
longitudinal or lateral 
strain into three 
components at the creep 
and creep-recovery curve: 
a original curve; b step 1; 
c step 2; d decomposed 
strains at the curve. 

£, entire strain; £ e , 
instantaneous strain; 

£ d , delayed elastic strain; 
&, permanent strain 
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behavior of the permanent strain in this study was 
non-Newtonian. 


Results and discussion 

Changes in strain 

Figure 3 shows the changes with time in the strains [longi¬ 
tudinal strain (£ L ) and lateral strains (£ x , £ R )] of Japanese 
cypress. Each strain is an average value on the opposite 
planes. The load was removed 24 h after the beginning of 
the creep test. The creep-recovery test was continued until 
all strains became constant. The lateral strain values are 
negative, but for the sake of convenience, they are shown 
as absolute values. 

The changes in lateral strain were similar to those in 
longitudinal strain. That is, the absolute value of lateral 
strain continued to increase while the increase rate was 
gradually reduced during the creep; then, it recovered 
sharply just after the removal of the load, recovered slowly 
thereafter, and finally reached a constant value. We consid¬ 
ered it possible to decompose the lateral strain into instan¬ 
taneous strain, delayed elastic strain, and permanent strain, 
judging from the behavior observed during the recovery 
from creep. 

Figure 4 shows the progression of the strain increase 
rate during creep in Japanese cypress. The rate of increase 
in the longitudinal strain during creep was continuously 
smaller than that in the absolute value of lateral strains. 


Relationship between density and the strain increase rate 


between the strain increase rate after 24 h of creep and the 
density of 12 species. We cannot discuss here the species 
characteristics because the number of samples of each 
species is small; thus, we examined the relationship between 
density and Poisson’s effect considering the wood as a 
homogeneous anisotropic material. 

It is obvious that the rate of increase in £ L is smaller than 
that in the absolute values of lateral strain and £ R ). Also, 
there was not a significant difference between £ x and £ R (by 
t test). The rate of increase in £ L had a negative relationship 
with density, although no relationship was observed in the 
£ x and £ r . 



The density of wood is greatly dependent on its porosity. 
We examined the effects of the difference in porosity on the 
rate of increase in the strain. Figure 5 shows the relationship 


Fig. 4. Typical progression of the strain increase rate during creep in 
Japanese cypress. s T and e R are represented by absolute values 
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Fig. 3. Typical creep and creep-recovery curves in Japanese cypress. 
e L , longitudinal strain in a fiber direction; lateral strain in a tangen¬ 
tial direction; e R , lateral strain in a radial direction; e x and e R are rep¬ 
resented by absolute values 


Fig. 5. Relationship between the rate of increase in the strain after 24 h 
of creep and the density of 12 species. £p and e R are represented by 
absolute values; e L , y = -0.0250x + 27.9; l£pl, y = 0.0242x + 30.6; le R l, 
y = 0.0396x + 21.6. Asterisk , significant at 5% level 
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Fig. 6. Typical progression of apparent Poisson’s ratio in Japanese 
cypress during the creep period 

Changes in the apparent Poisson’s ratio 

Figure 6 shows the changes with time in the apparent Pois¬ 
son’s ratio during creep in Japanese cypress. Because Pois¬ 
son’s ratio is a constant based on the theory of elasticity, it 
does not change with time. In this study, the absolute value 
of the ratio of lateral strain to longitudinal strain was defined 
as the apparent Poisson’s ratio to examine its behavior. The 
apparent Poisson’s ratio can be expressed by the following 
equation: 



where £, is the longitudinal strain and e b is the lateral strain. 
It can be said that the larger the apparent Poisson’s ratio, 
the larger the Poisson’s effect. 

At the initial stage of creep, both the apparent v LR and 
the apparent v LX increased sharply, because the increase in 
the absolute value of lateral strain was far greater than that 
in the longitudinal strain at the beginning of creep (see Fig. 
4). Thereafter, both apparent v LR and apparent v LT gradu¬ 
ally increased and finally reached virtually certain values. 

Figure 7 shows the relationship between the rate of 
increase in the apparent Poisson’s ratio after 24 h of creep 
and the density of 12 species. Only two values (v LR in balsa 
and v LX in Japanese beech) were negative. The increasing 
tendency of apparent Poisson’s ratio in wood during creep 
is considered to be generally evident. 

Relationship between density and apparent 
Poisson’s ratio 

Figure 8 shows the relationship between density and the 
apparent v LR immediately after the beginning of creep (v LR0 ) 
and after 24 h of creep (v LR24 ). Figure 9 shows the relation¬ 
ship between density and the apparent v LX immediately 
after the beginning of creep (v LX0 ) and after 24 h of creep 
(turn)- 



Density(kg/m 3 ) 

Fig. 7. Relationship between the rate of increase in apparent Poisson’s 
ratio after 24 h of creep and density of 12 species. v LX , y = 0.0428x + 
3.28; v LR , y = 0.0575x - 6.49. Double asterisk , significant at 1% level 



Density(kg/m 3 ) 

Fig. 8. Relationship between apparent Poisson’s ratio (v LR ) and 
density. v LR0 , v LR at time = 0 h (just after loading); v LR24 , v LR at time = 
24 h (just before unloading); v LR0 , y = 0.0000822x + 0.303; v LR24 , y = 
0.000287x + 0.277. Double asterisk , significant at 1% level 


The characteristics common to both the apparent v LR 
(Fig. 8) and the apparent v LX (Fig. 9) are that both tended 
to increase with density, which is influenced by the porosity, 
and the gradient of the regression line was greater in the 
apparent Poisson’s ratio after 24 h of creep. 

Morooka et al. 17 and Ohgama 18 simulated the value of 
v RX for elastic bodies, considering the porous structure of 

wood, and showed a negative relationship with density. 

n ) n ) 

Yoshihara et al. also showed a negative relationship 
between density of compressed wood and v RX ; that is, their 
results were opposite to the tendency of the v LR0 and v LX0 in 
this study. 
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Density(kg/m') 

Fig. 9. Relationship between apparent Poisson’s ratio (v LX ) and density. 
v LX0 , v LX at time = 0 h (just after loading); v LX24 , v LX at time = 24 h (just 
before unloading); v LX0 , y = 0.000344x + 0.219; v LX24 , y = 0.000613x + 
0.183. Double asterisk , significant at 1% level 

Causes of the time dependence of Poisson’s effect 

Figure 6 shows that the apparent Poisson’s ratio increases 
with time during creep. In the following paragraph, we 
examine the causes of this increase in the apparent Pois¬ 
son’s ratio. The lateral strain (p b ) can be decomposed into 
the lateral instantaneous strain (£ b ), lateral delayed elastic 
strain (e b ), and lateral permanent strain (eg) by following 
the procedure described above (see Fig. 2). 

£ b = £ b + £ b + £ b (3) 

Equation 4 is obtained by substituting Eq. 3 for the right 
side in Eq. 2. 

V = v e + v d + Vp (4) 


where v e = 

£b 

, v d = 

o d 

fc b 

, v p = 

o p 

fc b 


£i 


£i 

r 

£i 


The apparent Poisson’s ratio can be expressed as the sum 
of the three terms of the right side in Eq. 4, so it is possible 
to examine which strain component has the main effect on 
the apparent Poisson’s ratio. These three terms (v e , v d , and 
v p ) are designated as lateral-strain-determination coeffi¬ 
cients. The lateral-strain-determination coefficients are the 
ratios of the lateral instantaneous strain, lateral delayed 
elastic strain, and lateral permanent strain to the entire 
longitudinal strain, respectively. 

Figure 10 shows the changes in v d and v p at the apparent 
v LR in Japanese cypress, and Figure 11 shows the changes 
in v d and v p at the apparent v LX in Japanese cypress. For 
both v LR and v LT , the v d derived from the lateral delayed 
elastic strain becomes almost constant at the relative initial 
stage, whereas the v p derived from the lateral permanent 
strain continuously increases during creep. That is, it can be 
said that the Poisson’s effect becomes greater with time as 
a result of the large contribution of the lateral permanent 
strain. 



Fig. 10. Typical progression of lateral-strain-determination coefficient 
at apparent v LR in Japanese cypress during creep period. v d and v p are 
defined in Eq. 5 



Time(h) 

Fig. 11. Typical progression of lateral-strain-determination coefficient 
at apparent v LX in Japanese cypress during creep period. v d and v p are 
defined in Eq. 5 

In some other materials [carbon fiber-reinforced plastics 
(CFRP) 2324 , glass fiber-reinforced plastics (GFRP) 24 , and 
cortical bone 25 ], Poisson’s ratio appeared to be more sensi¬ 
tive to microscopic damage development than the longitu¬ 
dinal Young’s modulus. In this study, it is assumed that the 
lateral permanent strain is caused by the occurrence and 
expansion of microcracks in wood. 


Conclusions 

To understand the creep behavior of wood three dimen¬ 
sionally, a longitudinal tensile creep test for various species 
was conducted to examine the changes with time in the 
lateral strain and the apparent Poisson’s ratio. The main 
results are listed below: 
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1. The changes in the lateral strain were similar to those in 
the longitudinal strain. That is, during creep, the abso¬ 
lute value of lateral strain continued to increase with the 
gradual reduction in the increase rate; immediately after 
the removal of the load, it recovered abruptly; then, it 
recovered slowly and finally reached a certain value. 

2. The rate of increase in £ L during creep was smaller than 
that in the absolute values of lateral strain (£ x and £ R ). 

3. At the initial stage of creep, the apparent Poisson’s ratio 
rapidly increased. Then, it continued to increase gradu¬ 
ally and finally reached a almost constant value. The 
apparent Poisson’s ratio became large during creep 
because the lateral strain increased more than the longi¬ 
tudinal strain. 

4. There was a positive correlation between apparent Pois¬ 
son’s ratio after 24 h of creep and density. On the other 
hand, there was a weak correlation between apparent 
Poisson’s ratio immediately after the beginning of creep 
and density. 

5. Analysis of lateral strain by separating it into three com¬ 
ponents, that is, instantaneous strain, delayed elastic 
strain, and permanent strain, has revealed that the lateral 
permanent strain in the transverse direction contributes 
most to the increase in the apparent Poisson’s ratio 
during creep. 
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